ABSTRACT We report precise radial velocity measurements of the K giant Dra (HD 137759, HR 5744, HIP 75458), carried out at Lick Observatory, which reveal the presence of a substellar companion orbiting the primary star. A Keplerian fit to the data yields an orbital period of about 536 days and an eccentricity of 0.70. Assuming a mass of 1.05 M for Dra, the mass function implies a minimum companion mass m 2 sin i of 8.9 M J , making it a planet candidate. The corresponding semimajor axis is 1.3 AU. The nondetection of the orbital motion by Hipparcos allows us to place an upper limit of 45 M J on the companion mass, establishing the substellar nature of the object. We estimate that transits in this system could occur already for inclinations as low as 81=5, as a result of the large diameter of the giant star. The companion to Dra is the first brown dwarf or planet found to orbit a giant rather than a main-sequence star.
INTRODUCTION
Starting with the first detection of an extrasolar planet orbiting 51 Peg by Mayor & Queloz (1995) , numerous extrasolar planets and planet candidates have been and continue to be found via precise radial velocity searches (see, e.g., Marcy & Butler 2000; Queloz et al. 2001 ). Many of the first candidates had short orbital periods and relatively high minimum masses corresponding to several Jupiter masses, reflecting the fact that those types of systems produce larger Doppler shifts and are thus easier to detect with the radial velocity technique.
The astrometric technique, which uses the shift in the position of the photocenter of the system imposed by the gravitational pull of the companion, is more sensitive to companions that are farther out, and the detection of longer periods is usually only limited by the duration of the respective observing program, usually a space mission. The accuracy of Hipparcos was not sufficient to detect extrasolar planets, although the signal of a few brown dwarf candidates seems to be present in the Hipparcos data (Halbwachs et al. 2000) . Future astrometric space missions like DIVA 2 (Bastian et al. 1996) , SIM 3 (see, e.g., NASA 1999; Unwin 1999; Fischer et al. 2001) , and GAIA 4 (Perryman et al. 2001 ) are expected to dramatically change this situation by improving the astrometric accuracy by several orders of magnitude.
Other techniques that are capable of indirectly detecting the presence of an extrasolar planet include photometric searches for transiting planets (e.g., the Kepler 5 or COROT 6 missions) or the search for photometric or astrometric signatures of planetary companions in gravitational microlensing events. Almost all extrasolar planet search programs that are underway already or planned to be launched in the future focus on late-type dwarf stars as host stars, the reasons for which are manifold. Since astronomers always strive to maximize the odds for finding what they are looking for, searching for extrasolar planets around solar-like stars is the natural first choice given the fact that we know that the Sun harbors nine planets. Furthermore, because of less severe rotational line broadening, precise radial velocities are much easier to measure for late-type stars than for earlytype ones, and in contrast to giants, dwarfs are known to display much smaller intrinsic radial velocity variations that could potentially conceal the signal of an extrasolar planet. Similarly, photometric searches are also far easier to carry out on small and dim stars such as late-type dwarfs as opposed to early-type or giant stars. And finally, late-type dwarfs are numerous, so that there is no shortage of wellsuited targets.
Since 1999 June our group has been monitoring the radial velocities of a sample of K giants at Lick Observatory with a precision of about 5-8 m s À1 , only slightly less accurate than what is routinely achieved by the planet searches. The objective of this ongoing observing program is the statistical study of the intrinsic radial velocity variability of K giants as preparation for SIM (see Frink et al. 2001) . Thousands of astrometrically stable and thus single K giants are needed by SIM to provide an accurate astrometric reference frame, both locally and globally. The binary stars among a large K giant candidate sample of grid and reference stars have to be sorted out by means of a radial velocity survey before the mission. Our intention was to demonstrate the feasibility and to define the design parameters of this survey.
So while the detection of extrasolar planets or brown dwarfs was not the main motivation for carrying out this observing program, it was certainly within reach given our measurement accuracy and observing strategy. Here we report the first detection of a substellar companion orbiting a giant star rather than a dwarf. The mass of the companion makes it either a brown dwarf or a giant planet.
The outline of the paper is as follows. In x 2 we describe our observations in more detail, followed by the derivation of the spectroscopic orbit in x 3. In x 4 we use the nondetection of the companion by Hipparcos to derive an upper limit for the mass of the companion, and x 5 takes a closer look at the parent star. We discuss the possibility of transits in x 6 and conclude with a short summary in x 7.
OBSERVATIONS
The radial velocity observations were carried out with the 0.6 m coudé auxiliary telescope (CAT) and the attached Hamilton Echelle Spectrograph at Lick Observatory. An iodine cell was placed in the light path, and the resulting spectra with starlight and imprinted iodine absorption lines were fitted by superposition of an iodine template observation and a stellar template taken without the iodine cell. This technique is known to yield Doppler shifts accurate to 3ms À1 and better for dwarf stars (Butler et al. 1996) .
The resolution of the spectra is R ¼ 60; 000 at ¼ 6000 Å . The spectra cover the wavelength range from 4725 to 9590 Å before 2001 August and from 3755 to 9590 Å after that. For the measurement of the radial velocities only the region from about 5000 to 5800 Å is used, where most of the iodine lines can be found.
Typical exposure times for Dra (3.3 mag) were 5 minutes to achieve a signal-to-noise ratio of about 150, which yielded radial velocities with a precision of better than 5 m s À1 . The individual radial velocities are listed in Table 1 , along with Julian dates and derived formal errors. The zero level of the radial velocities was determined from the orbital fit described in the next section; the measurements themselves only provide relative radial velocities with an arbitrary zero point.
THE SPECTROSCOPIC ORBIT
Our measured radial velocities for Dra are shown in Figure 1 , along with a Keplerian fit to the data. The orbit is very eccentric (e ¼ 0:70), which is favorable for establishing a substellar companion as the reason for the observed radial velocity changes as opposed to stellar pulsations or rotational modulation of starspots. Furthermore, the reduced 2 of the orbital fit is 8.5, indicating that some additional radial velocity scatter of the order of 10 m s À1 is present. This sort of radial velocity scatter is typical for other K2 III giants in our sample, whereas a scatter of 150 m s À1 would clearly stand out (see Fig. 5 in Frink et al. 2001) , indicating again an origin not intrinsic to the K2 giant itself as source for the observed radial velocity jitter. There are six free parameters in the fit: period P, periastron time T 0 , longitude of periastron !, eccentricity e, mass function, and the zero level of the radial velocities mentioned before. The fitted spectroscopic elements are listed in Table 2 , along with estimated uncertainties based on the 2 fit. The orbital elements are all very well determined, except for the period that is still uncertain to about 5 days. We will continue to observe Dra and expect to get a better constraint on the period once we have observed the second maximum in late August/early September of 2002; so far our observations just cover little more than one full 1.5 yr period. A better knowledge of the period is important for possible transit detections; see the discussion in x 6.
Unfortunately, no direct companion mass determination is possible from the spectroscopic orbit for those cases in which only one component is seen. For late-type mainsequence primaries this is not a big concern, since masses are quite accurately known for these stars. However, giant masses are considerably less accurate. The best mass estimate for Dra available is 1.05 M , which was derived by Allende Prieto & Lambert (1999) based on Hipparcos observations (but see remarks in x 5). This yields a minimum companion mass m 2 sin i of 8.9 M J .
From the fitted period and the assumed primary mass we derive a semimajor axis of 1.3 AU. However, the actual distance of the planet from the center of mass of the system varies between 0.4 AU at periastron and 2.2 AU at apastron. For comparison, the radius of Dra is about 0.06 AU, so that the separation between the surface of Dra and its substellar companion at periastron is still at least 0.3 AU.
The inclination cannot be derived from radial velocity data, but in the next section we will derive a lower limit from the nondetection of orbital motion in the Dra system by Hipparcos.
CONSTRAINTS FROM HIPPARCOS
If the inclination of the orbital plane in the Dra system was very small (below about 6 ) and thus the mass of the companion was close to the hydrogen-burning limit, the astrometric signature would have been large enough for Hipparcos to easily detect it (around 7 mas peak to peak). The Hipparcos intermediate astrometric data allow one to reexamine the individual Hipparcos abscissa measurements together with new constraints that come from different types of measurements. Sometimes it helps to detect an orbit in the data if one knows, e.g., period or eccentricity from radial velocity measurements, since this reduces the number of free parameters in the orbital fit. This approach has been followed by Halbwachs et al. (2000) , who reanalyzed the Hipparcos intermediate astrometric data for 11 spectroscopic binaries with possible brown dwarf secondaries, rejecting the brown dwarf hypothesis for seven of those systems. Similarly, Mazeh et al. (1999) and Zucker & Mazeh (2001) examined the Hipparcos data for 47 candidate planetary systems known from radial velocity searches as well as 14 brown dwarf candidates. They could confirm the substellar nature of 14 planetary companion candidates by deriving upper mass limits in the brown dwarf regime, without a real astrometric orbit detection, and confirmed the earlier results by Halbwachs et al. (2000) for brown dwarf candidates. Pourbaix (2001) and Pourbaix & Arenou (2001) show that the Hipparcos data are in general not precise enough to derive astrometric orbits for substellar companions. However, the nondetection of an orbit by Hipparcos can still be used to derive an upper mass limit for an unseen companion. The Hipparcos intermediate astrometric data archive provides 80 individual abscissa measurements for Dra (HIP 75458). They correspond to 41 different spacecraft orbits; for 39 orbits both consortia (FAST and NDAC) produced results, while for two orbits only one of the consortia came up with a solution. All abscissa measurements were properly decorrelated and weighted following the procedure described in van Leeuwen & Evans (1998) .
We then fitted an orbital solution to the data, leaving the orbital parameters from the radial velocity fit (Table 2) as well as the five astrometric parameters (positions, proper motions, and parallax) unchanged; the only two free parameters were inclination and ascending node. Figure 2 shows the 2 contours as a function of those two parameters. It is evident that the orbit is not detected in the Hipparcos data; the 3 contours almost span the entire parameter range, with the exception of the low inclination range. The reason why the fit can exclude low inclinations even if the orbit is not detected is because for low inclinations the astrometric signature would become larger than the abscissa residuals.
Based on our fit we can reject inclinations smaller than 11=3 at the 99.73% confidence level (3 ), which places an upper limit of 45 M J on the companion mass, well below the hydrogen-burning limit. With a probability of 68.3% the inclination is larger than 20=6, corresponding to a maximum mass of 25 M J . Note that these probabilities are the formal ones usually quoted for 2 fits. They do not take into account the distribution of inclinations according to f ðiÞdi ¼ sin idi, nor the unknown mass function in that region. Low inclinations are extremely unlikely, and even without Hipparcos data the probability that the inclination was larger than 20=6 would have been 94% from statistical considerations.
We also tried to fit for the five astrometric parameters in conjunction with the orbit, but the differences between the published and fitted astrometric parameters were negligible. We also tried to keep the proper motion fixed at the slightly more accurate FK6 value instead of using the Hipparcos proper motion and fitted for the remaining three astrometric and two orbital parameters, but this did not result in changes to the fitted solution either. Figure 3 shows the Hipparcos abscissa residuals along with the formal best-fit orbit of the Dra system with an inclination of 38=7, corresponding to a companion mass of 14.2 M J . For illustration, the orbit for a companion with a mass of 0.08 M , corresponding to an inclination of 6=1, is also shown. The astrometric signature is clearly larger than the median abscissa error of 2.4 mas. The effects of parallax and proper motion have been removed in the plot; note also that abscissa values and model look close sometimes, but in general they do not correspond to the same time. The abscissa measurements are shown as circles only, although the measurements are onedimensional and are thus better represented by lines in the plot. However, that would make the illustration too crowded, and so only the position on this line with the shortest connection to the model position (without orbit) is shown. In other words, the measured position of Dra could be anywhere on a line perpendicular to the line . The observation dates back to 1879. The fainter component is BD +59 1655 ( Dra itself is BD +59 1654) with a V magnitude of 8.76 mag in Tycho-1 (suspected to be intrinsically variable); at a distance of 31 pc this would be compatible with a late K dwarf, and most catalogs list the spectral type as K7. Bartaya (1983) , on the other hand, classified the potential secondary as an M giant, which would clearly place it at a much larger distance.
The system was considered a visual double on the basis of similar proper motions by Burnham. Consequently, it is also included in the Catalogue of the Components of Double and Multiple Stars (Dommanget & Nys 1994) as CCDM 15250+5859.
However, modern proper motions (see Table 3 ) show that there is a difference of about 15 mas yr À1 in the total proper motion (or 2 km s À1 at a distance of 31 pc), which challenges the physical visual binary hypothesis. At a separation of 4<2 (confirmed by the modern positions), which corresponds to a physical separation of 7900 AU, the expected period is of the order of 500,000 days. For a circular orbit, this would correspond to a relative velocity of about 500 m s À1 or 3 mas yr À1 , too small to explain the large observed propermotion differences. Significant eccentricity may be able to produce the observed difference in motions. However, we conclude that the evidence for a physical relation between the two stars is weak.
Stellar Parameters of Dra
The mass of Dra has been determined to be 1:05 AE 0:36 M by Allende Prieto & Lambert (1999) via a comparison of theoretical isochrones by Bertelli et al. (1994) with the absolute visual magnitude and BÀV color based on Hipparcos data. Using the more recent evolutionary tracks by Yi et al. (2001) and their conversion to the observational (BÀV, M V )-plane yields a stellar mass that is perfectly consistent with the mass derived by Allende Prieto & Lambert (1999) .
This mass estimation seems to be the best one available today, and we have used it in calculating the companion mass. However, we caution that the tracks for different masses are quite close in this part of the HertzsprungRussell diagram, so that slight changes in the evolutionary models could have large effects on the derived masses. Giant masses are in general much more uncertain than those for main-sequence stars, and older evolutionary tracks seem to yield slightly higher masses.
Allende Prieto & Lambert (1999) also derived the effective temperature log T eff K ðÞ ¼ 3:65 AE 0:01, the surface gravity log g cm s À2
ðÞ ¼ 2:24 AE 0:35, and the radius log RR ðÞ ¼ 1:11 AE 0:02. This is in good agreement with other determinations (see Table 4 ). We also list the metallicities derived by various authors, most of which are compatible with almost solar metallicity, ½Fe=H¼0:03 0:06 dex, for Dra, while two authors derived somewhat higher values. A luminosity of log L=L ðÞ ¼ 1:848 AE 0:08 was derived by Mallik (1999) .
The stellar diameter has been estimated to be 6.0 and 4.9 mas by Hertzsprung (1922) and Wesselink, Paranya, & de Vorkin (1972) , respectively, which, at a distance of 31 pc, is only slightly larger than the newer radius determinations based on evolutionary models.
PROSPECTS FOR TRANSITS
The probability that the inclination of the system is large enough for transits to occur is larger than for planetary companions around main-sequence stars since the stellar disk of the giant is so much larger. Furthermore, the orbit geometry of the Dra system is favorable in so far as possible transits would occur close to periastron, when the separation between the two components is smallest, thus increasing again the range in inclinations for which transits can occur.
Based on the orbit geometry and the radius of Dra we estimate that transits could possibly occur for inclinations larger than 81=5. The transit would last 3.5 days if the inclination was 90 and somewhat shorter for smaller inclinations. Using the current orbital solution, we predict that the next transit for the Dra system would occur around 2002 October 3.
However, while the probability for transits to occur is larger for systems with a giant star, they are much more difficult to detect. While the dip in the photometric light curve of a main-sequence star resulting from the occultation of part of the stellar disk by a Jupiter-size planet is of the order of 1%, this percentage is much smaller for a giant star system, about 0.01%. For comparison, the photometric precision achieved in the transit detection of HD 209458 with the Hubble Space Telescope by Brown et al. (2001) was 0.011%, about the size of the expected signal. The Kepler mission, scheduled to launch in 2006, aims for a photometric precision of 0.001%, which would be sufficient to detect this kind of transit.
SUMMARY
We present precise radial velocity observations of the K2 III giant Dra that reveal the presence of a substellar object in orbit around the K giant. From a Keplerian fit to the data we determine a period of about 536 days and an eccentricity of 0.70. Some additional scatter of the order of 10 m s À1 is present, which is typical for early K giants and very likely intrinsic to the star. Assuming a mass of 1.05 M for Dra, we derive a minimum companion mass m 2 sin i of 8.9 M J , No. 1, 2002 SUBSTELLAR COMPANION TO DRACONISwhich makes the companion a giant planet candidate and the first substellar object found orbiting a giant star. Furthermore, we used the nondetection of the orbit by Hipparcos to reject inclinations smaller than 11=3 at the 3 level. The corresponding upper limit for the companion mass is 45 M J , establishing the substellar nature of the object. Finally, we estimate that possible transits could occur already for inclinations as low as 81=5, as a result of the large diameter of the giant star. An unambiguous measurement of the inclination, needed to distinguish between the planetary and brown dwarf nature of the companion, has to await the launch of astrometric satellites such as the planned DIVA, SIM,andGAIA missions.
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